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Polymeric Binders in Solid Rocket Motors

Late 1800s — Nitrocellulose and double base
Early 1940s — Asphalt and oil (GALCIT/JPL/Aerojet)
1940s — Liquid Polysulfide Prepolymers (Thiokol)
/\/O O\/\ 1. NaSH, N&QSO3>
\68 e Sa/m 2. Acid
1950s — Polyvinylchloride Plastisols (ARC)

Mid 1950s — Poly(butadiene-acrylic acid) (PBAA) and Poly(butadiene-acrylonitrile-
acrylic acid) (PBAN) (Thiokol)

Late 1950s — Carboxyl-terminated Polybutadiene (CTPB) (Thiokol) and Hydroxyl-
terminated Polybutadiene (HTPB) (Aerojet)
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Late 1950s — Hydroxyl-Terminated Polyethers, Poly(1,2-propylene oxide) (PPG) and
Poly(1,4-tetramethylene oxide) (PTMEG) (Aerojet)

Late 1980s — Terathane-Polyethylene glycol (Dupont/ATK)
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Background
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« Work was done with this type of polymer in the early 1960s by Thiokol for the
Bureau of Ordnance and revived by IH/NRL in 2017.

* Non-aluminized AP composite propellant using this binder type showed:
* high |,
« good mechanical properties
» plateau burning rate from 700 to 2000 psi
Potential Advantages:
* Prepolymer is a linear diol, unlike a free radically-synthesized prepolymer (HTPB)
« Triple bonds and oxygen in backbone allow:
* Lower oxidizer loadings
« Higher energy
» Use of nitrate esters in formulations

« Enhanced IM performance due to lower oxidizer loading & lower cookoff
temperatures

0
\—0OH
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1960s Thiokol Work

Crawford bomb and small motor firings showed plateau
burning behavior
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Figure 1. Burning rate of acetylenic polyurethane
propellant compositions containing 80% ammonium
perchlorate

From Perry et al., Adv. Propellant Chem., 54, 118-131.
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IHD/NRL Work

Synthesized HTPA was well-behaved in gumstocks
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Molecular Weight

—— 52045

— 4.8177
4.2679
- 2.0898

= Molecular Weight of 800-
2400 g/mol determined by
proton nuclear magnetic
spectroscopy (NMR) on
acylated HTPA

= Hydroxyl content, also
determined by 'TH NMR
was 1.1 meq/g
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Acylated HTPA
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Molecular Weight

»] Sample Name: JRH21 BASELINE Active Method: LASTTIME-0005.vem
1,03 WF fdLog M vs. Log Molecular Weight
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12595 & [Peak RV - (ml) 17.405 22.738
3 n - (Daltons) 943 0
E w - (Daltons) 2132 0
6.43— z - (Daltons) 4,170 0
g Mp - (Daltons) 1,720 0
E Ww £ Mn 2.261 0.000
0.28—3 Percent Above Mw: 0.000 0.000
= Percent Below Mw: (] 0.000 0.000
3 w 10.0% Low 278 0
Asgs-‘TIIl]l[l][TIll][l][WIII]II]IIWIIII]IIII[IIIT]II]IIIITT|I]IIIIITI llilllTII| Illll TI]I]IIIITII]IIII Wlog%ﬁﬂ' 6'855 U
0.00 3.00 6.00 9.00 12.00 15.00 [iE38)0 21.00 24.00 27.00 30.0 Azea - (uvzal) AT :3.50
R , . V Area - (mvml) 0.00 0.00
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Gel permeation chromatography (GPC) showed comparable MWs to "H NMR
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Decomposition

Sample: HTPA JRH50 1300MW DSC File: E:\Active\Data\DSC\_RAST.474
Size: 0.7800 mg Operator: IPDI(0.79)
Method: Ramp Run Date: 11-May-2018 09:45
Comment: N2, Al smn 57.03/57.59 Instrument: 2910 DSC V4.4E
1
302.50°C
3.576W/g
0- o, o
Decomposition at 260-300 °C
59.08°C
. -68.39J/g
o 17
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T -2
62.23°C
-0.9955W/g
258.90°C
-3 2119J/g
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Exo Up Temperature (°C) Universal V4.7B TA Instruments




Slide 9

MB(1 Mason, Brian (CIV), 3/30/2022
MB(2 Mason, Brian (CIV), 3/30/2022



NAVAL POSTGRADUATE SCHOOL

Decomposition

Sample: AP/HTPA File: E:\Active\Data\DSC\70131_RAST.210
Size: 1.2500 mg DSC Operator: DSC#2920-354
Method: Ramp Run Date: 23-Aug-2018 15:11
Comment: N2, Al smn 56.79/58.58 Instrument: 2920 MDSC V2 6A
10 T9365°C
| 10.25Wig
8 —
6 —
_ AP/HTPA shows
S ]
= [ o
2 4 decomposition at 191 °C
(T J
S
I B
0 242.76°C
_ 68.66J/g
- '/V(
| 191.76°C
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2
| 244.45°C
-1.568Wig
4 . . . . r : . . . . . . . r - . r . r : . . :
0 50 100 150 200 250 300
ExoUp Temperature (°C) Universal V4.5A TA Instruments
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D .t.
8
———— _Rast.629 Hydroxy term. Polyacetal, HTPA
—_———— _Rast.630 BuNENA(1.04) + HTPA(0.95)
— _Rast.631 BuNENA
190.03°C
6 8.024W/g
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Oxidation

Absorbance

."JRH21 - N2 PURGED (GREENISH)
1.00-*JRH21 - 02 AGED W/A02246
*JRH21 - 02 AGED NOJA02246
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Like HTPB, HTPA undergoes
oxidation if antioxidant is not used
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Mechanical Properties

HTPA (20-30% DES) 25C S50mm/min
20 T T T T T T T

15 - Plasticized HTPA gumstock —
show strains of up to 700%

Stress (MPa)

700 800
Strain (%)
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Oligomer Melting Point

0.5

0.0 +

-0.5

Heat Flow (W/qg)

-1.0

-1.5

10.83°C

-150 -100 -50 0
Exo Up Temperature (°C)

Prepolymer melts at 50-60 °C, with a glass transition temperature of -52 °C

50 100
Universal V3.9A
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Prepolymer Synthesis

HO H,0
+ on /A> HO /—\ // \—OH
o Q\S\\/OH —= o—\ Vi \_< %

W) %

Hydroxyl-Terminated Polyacetylene (HTPA)

n For convenience, formaldehyde is generated in situ from

+ its polymeric form, paraformaldehyde
Heat \
O 2
\S\\/O H/_\ O H\O+
/©/O ooooo(OH—>HJLH+ A+ RO

(Paraformaldehyde is actually much longer)
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Mechanism
B /OQH/\ %0 H. .
Step |.Acid catalyst S\\o — Yy jJ\
protonates formaldehyde o) H™ "H
HJ\H

HO H oo
Step 2. Acetylene OH \%\ Qy HO\/H

attacks protonated OH gt H
formaldehyde

~~-H A~~~ H
Ho/ \C|) 7 ’ Ho # °© 3
Step 2. Catalyst protonates (H \\JH\ 0

formaldehyde carbonyl again O\‘Szé' QO\//SI'
s

Step 3. Loss of HO /\QH H O{_O,—/:
+
water drives the H’b\/O\/\OH ’ Vi
reaction forward HO
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Mechanism
Step 2. Acetylene OH " — H>Q)+ /\ o

attacks protonated OH H H
formaldehyde \_/

Step 2. Catalyst protonates - H \JH 0

formaldehyde carbonyl again O\\S o CO\S"
/©/ \\ O
@) ( )\

Always in equilibrium...

~~~-H H
RO/ SI ° = = Ro/ Oﬂ

...but loss of water drives the
reaction to the right (Le Chatelier)
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Potential Problems — Molecular Weight

What if our batches of prepolymer show too short MW?
As depicted this oligomer has a molecular weight of 2086.8 g/mol...

0
\—OH

HO ) —\
\%\ // \-<O O~>O //
15

0\
0
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Potential Problems — Molecular Weight

What if our batches of prepolymer show too short MW?
As depicted this oligomer has a molecular weight of 2086.8 g/mol...

HO o/ /—\ // >
o O—\ / \-<O Oi}O 1 \,H\
0]

¢ g
5 O\S

...but even after its been isolated, we can still keep reacting it to
make higher molecular weight prepolymers, even years later.
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Potential Problems — Molecular Weight

aldehyde, catalyst, and heat

o LI
OH H;(O’S\\o
0 —
/ \‘<O 07\\ / &OFH HTPA chains will actually
HO no H*H concatenate with the addition of
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Future Work — Lowering Glass Transition

Unplasticized HTPA formulations could be a little
more amorphous

Lt

Cured Neat HTPA shows signs of
crystallization




Slide 21

MB(1 Mason, Brian (CIV), 3/30/2022
MB(2 Mason, Brian (CIV), 3/30/2022



MD/1
Vl:ler NAVAL POSTGRADUATE SCHOOL

Future Work — Lowering Glass Transition
Alternate aldehydes

o] o) o)
n-hexanal formaldehyde n-propanal

Qci e

Irregularity side chains break up order/crystallinity
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